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[EXECUTIVE SUMMARY

To reduce both climate-changing emissions and exposure to air
pollution, the United States must greatly reduce tailpipe emis-
sions from cars and trucks. This makes the transition to electric
vehicles (EVs) vital to meeting targets for both climate and pub-
lic health. Using fully electric vehicles in place of conventional
gasoline- and diesel-powered vehicles enables the complete
elimination of tailpipe emissions.

While electric vehicles can eliminate tailpipe emissions, the
total emissions from their use include emissions from two other
sources: the electricity used to recharge EVs and the processes
and materials used to manufacture them. Thus, the value of
switching from gasoline and diesel cars and trucks to EVs will
increase further as the electricity grid and manufacturing be-
come cleaner.

Global Warming Emissions from Driving
Electric Vehicles

To assess the total global warming emissions from charging elec-
tric vehicles, the Union of Concerned Scientists (UCS) addresses
all contributions from electricity production. These include:

e Emissions that result from raw-material extraction, such as
coal mining and natural gas drilling;

*  Emissions from delivering these fuels to power plants;

e Emissions from burning those fuels in power plants to gen-
erate electricity;

e Electricity losses that occur during distribution from power
plants to the point where the electric vehicle is plugged in; and

*  The efficiency of the vehicle in recharging and using
electricity.

Similarly, our assessment of the global warming emissions
from comparable gasoline and diesel vehicles addresses emis-
sions that result from:

e Oil extraction at the well;

e Transporting crude oil to refineries;

e Refining oil into gasoline;
*  Delivering fuel to gas stations; and
e Combusting fuel in the vehicle’s engine.

Because of differences in electricity generation across the
United States, the emissions produced from driving the average
EV vary depending on where the vehicle is driven (Figure ES-1,
p. 2). Considering the location of EV sales to date, the UCS as-
sessment finds that:

e Everywhere in the United States, driving the average EV
results in lower emissions than the average new gasoline
vehicle.

e Over 90 percent of people in the United States live in re-
gions where driving the average EV produces lower emis-
sions than the most efficient gasoline vehicle on the market
today (59 miles per gallon).

e Driving the average EV in the United States produces global
warming emissions equivalent to those emitted by a gasoline
car getting 91 miles per gallon.

e Driving the most efficient EV produces lower emissions than
the most efficient gasoline car where 97 percent of the popu-
lation lives—in other words, virtually everywhere in the
United States.

e Everywhere in the United States, the emissions from driv-
ing an EV pickup truck are lower than those for the average
new gasoline or diesel pickup truck.

While driving the average EV yields significant emissions
savings, the more efficient the EV, the greater the benefits of
switching from gasoline to electricity. For example, the emis-
sions from driving a 2021 Tesla Model 3 Standard Range Plus in
California equal those of a gasoline car getting 152 miles per gal-
lon. The Tesla’s global warming emissions are a fifth of those of
the average new gasoline car and over 60 percent less than even
the most efficient gasoline car on the market.

Driving Cleaner 1



FIGURE ES-1. Driving Emissions: The Miles per Gallon Equivalent of the Average EV
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The average EV is considerably cleaner to drive than the average new gasoline vehicle—and in some areas, much cleaner. For example, in upstate
New York (NYUP), the emissions of the average EV compare with those of a gasoline-powered vehicle achieving 247 miles per gallon. Based on
where EVs have been sold in the United States, driving on electricity produces emissions equal to those of a gasoline car getting 91 miles per gallon.

Note: Acronyms refer to electricity grid regions as defined by eGRID (EPA 2022a).

Global Warming Emissions from
Manufacturing Electric Vehicles

Manufacturing an EV results in more global warming emissions
than manufacturing a comparable gasoline vehicle. This is chief-
ly due to the energy and materials required to produce an EV’s
battery. However, most of the global warming emissions over the
lifespan of a vehicle occur during its use, so the reductions from
driving an EV more than offset the higher manufacturing emis-
sions. When comparing the average gasoline sedan (32 mpg) to
the average-efficiency EV with a 300-mile-range battery, the EV
reduces total lifetime emissions 52 percent. An EV pickup truck
reduces lifetime emissions 57 percent compared with the aver-
age gasoline pickup (Figure ES-2).

Another way to understand how emissions savings from
driving an EV offset additional manufacturing emissions is to
consider the breakeven point: how far (or how long) an EV
needs to drive for the savings to match the initial emissions
“debt” This breakeven point varies depending on regional elec-
tricity emissions. Based on where the US population lives, the
mean breakeven point for an electric car with a 300-mile range

2 UNION OF CONCERNED SCIENTISTS

compared with the average new gasoline sedan is 21,300 miles
of driving, or 22 months based on average annual driving. Break-
even occurs more quickly, after about 17,500 miles (17 months),
when comparing an electric truck (300-mile range) with the av-
erage new gasoline pickup truck.

Both EV cars and trucks are much cleaner than their gaso-
line counterparts, but electric trucks are responsible for more
global warming emissions than electric cars simply because

Most of the global warming
emissions over the lifespan
of a vehicle occur during its
use, so the reductions from
driving an EV more than
offset the higher emissions
from manufacturing.



FIGURE ES-2. Life Cycle Global Warming Emissions, EVs vs. Gasoline Cars and Trucks
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Life cycle global warming emissions are significantly lower for EVs than for gasoline cars or trucks when considering manufacturing and usage,

despite higher battery-manufacturing emissions for the EV.

Note: Emissions are measured in grams of carbon dioxide-equivalent per mile, averaged over the life of the vehicle.

trucks are larger and heavier. Choosing the most efficient EV
that meets mobility needs will minimize overall pollution. If a
sedan meets a driver’s needs, that would be a better choice for
the environment than a full-size SUV or a pickup.

The impacts of manufacturing EVs, including their batter-
ies, extend beyond global warming emissions. Manufacturing
processes and the sourcing of battery and other materials also
affect water and air quality. Also, processes and sourcing can
raise concerns over human rights and the ethical issues involved
in mining and refining raw materials. This makes it essential to
reduce the amount of raw materials needed to make EVs. In par-
ticular, reuse, remanufacturing, and recovery of materials from
used batteries will help reduce these impacts.

Recommendations

To maximize emissions reductions and minimize negative manu-
facturing impacts, UCS recommends accelerating the transition to
lower-emissions transportation through cleaner sources of electric-
ity, improved vehicle manufacturing, and more efficient vehicles.

e Policymakers at all levels of government should adopt
and strengthen policies and programs for increasing en-
ergy efficiency and deploying renewable energy. Reducing
the emissions from generating electricity can reduce the
emissions from driving and manufacturing EVs. Policy op-
tions include establishing renewable electricity standards,

energy-efficiency resource standards, and incentives or
mandates to improve grid operation, transmission, and re-
source planning.

Governments and the private sector should invest more in
research on both decreasing the global warming emissions
associated with making EV batteries and improving the pro-
cesses for recycling or reusing batteries.

Policies should promote material circularity, in which mate-
rials reenter the supply chain when their use in the original
product ends. Circularity includes encouraging materials
recovery when a battery reaches the end of its life and using
recovered materials in manufacturing. Offsetting the use of
virgin materials can decrease the environmental and social
impacts associated with mining.

EV manufacturers should be responsible for sourcing ma-
terials ethically and sustainably throughout all steps in the
supply chain. This means that their emissions and material
sourcing must be transparent to the public and regulators.

Public policies should ensure that manufacturers produce
energy-efficient EVs. Policies also should encourage vehicle
buyers to purchase the most efficient EVs that meet their
mobility needs. The more efficient an EV, the smaller bat-
tery it needs to achieve a desired range capability, thereby
reducing emissions from both driving and manufacturing.

Driving Cleaner 3



Policies, including funding, should support transportation
options—including transit, shared mobility, and walking and
biking infrastructure—that decrease the need for individual
car ownership and limit the overall emissions from vehicle
manufacturing and use.

Vehicle incentives and infrastructure deployment should
enable drivers across incomes and geographies to access
EVs. To maximize the benefits of EVs, all drivers should be
able to switch from gasoline and diesel vehicles.

Switching from conventional vehicles to electric vehicles
reduces carbon emissions and smog-forming air pollution. To
maximize these reductions, we must accelerate the adoption of
EVs and transition to renewable electricity as quickly as pos-
sible. These dual transitions are a necessary part of putting the
United States on a trajectory toward net-zero climate emissions
by midcentury.

To maximize reductions in carbon
emissions and smog-forming pollution,
we must accelerate the adoption of EVs
and transition to renewable electricity
as quickly as possible.

UNION OF CONCERNED SCIENTISTS



| CHAPTER1

Introduction

To reduce both climate-changing emissions' and exposure to air
pollution, we must greatly reduce tailpipe emissions from cars and
trucks. Using fully electric vehicles (also known as battery-electric
vehicles, or BEVs) in place of conventional gasoline- and diesel-
powered vehicles would completely eliminate tailpipe emissions
from using cars and trucks. For this reason, the transition to
BEVs is vital to meeting both public health and climate targets.

However, the total emissions from using an EV depend not
only on tailpipe emissions but also on the source of the electric-
ity used to recharge the vehicle and on the processes for manu-
facturing it. Thus, the value of switching from conventional
gasoline and diesel cars and trucks to EVs will be even greater
as the electricity grid and manufacturing become cleaner. This
makes the transition to EVs even more central to any plan to
achieve deep emissions reductions and avoid the worst impacts
of climate change (Baek et al. 2021).

UCS first investigated the life cycle emissions of EVs a de-
cade ago. Since then, the net benefit of driving an EV instead
of a gasoline-powered vehicle has grown significantly. State of
Charge, our 2012 examination, found that in every region driving
the average new BEV produced lower global warming emissions
than driving the average new gasoline car (Anair and Mahmas-
sani 2012). However, at that time, only 46 percent of people lived
where driving an electric vehicle had emissions lower than those
of a 50 mpg gasoline car, the Toyota Prius hybrid, then the most
fuel-efficient such car in the US market. In 2015, Cleaner Cars
from Cradle to Grave updated the estimates: about two-thirds of
the US population lived in areas where driving an electric car
produced lower emissions than a 50 mpg gasoline car (Nealer,
Reichmuth, and Anair 2015).

Since then, EV-related emissions have declined in many
parts of the country, primarily because of changes to electric-
ity generation. The nation’s electricity generation has gotten
cleaner: coal-fired generation has declined significantly, while
electricity generation from wind and solar energy has in-
creased. In the current UCS analysis, over 90 percent of the US
population lives where driving the average all-electric car has

emissions lower than the most efficient gasoline vehicle now on
the market, the Hyundai Toniq Blue, a hybrid rated at 59 miles
per gallon.

However, we must also consider the global warming emis-
sions from a vehicle’s overall life cycle, taking into account
production, operation, and end-of-life emissions. The manu-
facture of EV batteries is of particular concern, and emissions
also can be associated with battery disposal, recycling, and
remanufacturing.

Like our 2015 report, this report compares battery-electric
cars and trucks with gasoline cars and trucks by examining the
global warming emissions from driving and manufacturing the
vehicles and over their life cycles. Toward that end, Driving
Cleaner, this up-to-date assessment of the carbon footprints of
BEVs, takes into account the latest information about electricity
generation and manufacturing processes.

Driving Cleaner addresses two key questions:

e What are the global warming emissions from operating a
fully electric vehicle on today’s electricity grid? Using the
most recent electricity emissions data from the US Environ-
mental Protection Agency (EPA), we estimated the miles-
per-gallon rating a gasoline-powered vehicle would need in
order to equal the emissions of a comparable EV charged on
regional electricity grids.

e What s the effect of manufacturing a BEV on its total
global warming emissions? Using Argonne National Labo-
ratory’s latest model of vehicle manufacturing emissions, we
analyzed the global warming emissions of vehicle and bat-
tery manufacturing, focusing on long-range battery-electric
cars and pickup trucks. We compared these with the emis-
sions from manufacturing and using comparable gasoline
vehicles.

In addition, Driving Cleaner looks briefly at the next stage:
the environmental and global warming emissions consequences
of what may be done with the EV battery after it has finished its
useful life.

Driving Cleaner 5



FIGURE 1. US Global Warming Emissions by Sector, 2019
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Transportation is the largest source of human-caused global warming emissions in the United States. Passenger cars and trucks (light-duty vehicles)
are responsible for over half of the global warming emissions within the transportation sector.

SOURCE: EPA 2021A.

It is important to note our focus on the benefits of vehicle
electrification regarding global warming emissions from trans-
portation. There are other potential benefits from the manufac-
ture and use of electric vehicles in place of gasoline vehicles. For
example, EVs have the potential to significantly reduce air pollu-
tion from passenger cars and trucks (CARB 2022), and they can
reduce the need for oil extraction and refining. The sourcing of
battery materials and EV manufacturing can affect water and air
quality, as well as raise concerns over human rights and the ethi-
cal sourcing of materials.

Importance of Reducing Transportation
Emissions

Transportation is the sector of the US economy producing

the most global warming emissions, responsible for over one-
quarter of total emissions arising from the activities of humans
(Figure 1). Within transportation, light-duty vehicles (passenger
cars, SUVs, and pickup trucks) are responsible for most climate-
changing emissions. While it is important to reduce emissions
from all sectors and sources as much and as quickly as possible,
addressing the harmful emissions associated with passenger
vehicles presents an immediate opportunity to reduce emissions
significantly. Also, while some parts of the transportation sector,
such as ocean-going vessels, may present a greater challenge

as we seek to reduce air and climate pollution, electrification is
a proven technology for curbing harmful emissions from cars
and trucks.

6 UNION OF CONCERNED SCIENTISTS

Electrification Can Significantly Reduce
Global Warming Emissions

Due to several factors, switching from gasoline- or diesel-
powered engines to electric motors significantly reduces total
global warming emissions:

*  While gasoline and diesel fuels are derived mainly from a
fossil fuel (crude oil), electricity can be generated from low-
and zero-carbon resources like hydroelectricity, wind, and
solar power.

e Electric-drive vehicles are more efficient than those pow-
ered by internal combustion engines.

e Electric vehicles lose no energy from idling, and there is no
significant waste heat.

e The regenerative braking systems in EVs recapture the
energy that conventional vehicles lose to friction when
braking.



| CHAPTER 2

EV Savings Compared with a Gasoline Vehicle

In comparing the global warming emissions of BEVs with those
of gasoline vehicles, UCS takes a “well-to-wheels” approach that
accounts for the complete fuel cycle for both types of vehicle.

While BEVs have no tailpipe emissions, determining the net
emissions benefit requires considering the total emissions from
all steps in refueling both BEVs and conventional gasoline vehi-
cles. To quantify this benefit, our well-to-wheels analysis consid-
ers not only tailpipe emissions but also the emissions from the
steps required to produce gasoline and electricity, starting with
primary energy sources like crude oil, coal, and natural gas.

To assess the global warming emissions from charging EVs,
we include all contributions from electricity production:

e Emissions that result from raw-material extraction, such as
coal mining and natural gas drilling;

*  Emissions from delivering these fuels to power plants;

e Emissions from burning those fuels in power plants to gen-
erate electricity;

e Electricity losses that occur during distribution from power
plants to the point where the electric vehicle is plugged in;
and

e The efficiency of vehicles in recharging and using electricity.

To assess the global warming emissions from comparable
gasoline vehicles, we address emissions that result from:

e Oil extraction at the well;

e Transporting crude oil to refineries;

e Refining oil into gasoline;

e Delivering fuel to gas stations; and

e Combusting fuel in the vehicle’s engine.

See Appendix A for a discussion of the methodology.

Standardizing the Units of Comparison

The concept of miles per gallon (mpg), the number of miles a
car travels on one gallon of gasoline, is familiar. The higher a
vehicle’s mpg (the higher its efficiency), the less fuel it burns and
the lower its level of global warming emissions. To compare the
emissions of an EV easily with those of a gasoline vehicle, we use
an equivalency measure, calculating how many miles per gallon
a gasoline-powered vehicle would need to achieve in order to
match the global warming emissions of an EV.

The first step in this process is calculating the global warm-
ing emissions that result from generating the electricity needed
to charge an EV. Then we convert this estimate into a gasoline

miles-per-gallon equivalent—an MPG,, ,, where ghg stands for

ghg’
greenhouse gas (i.e.,, global warming) emissions. If an EV has an
MPG,,,
vehicle, both vehicles would produce the same amount of global

warming pollution for each mile traveled. If the MPG,,,of an EV is

twice that of a gasoline vehicle mpg, the emissions from driving the
EV would be half those produced from driving the gasoline vehicle.

When estimating emissions from charging an EV in a par-

value equal to the miles per gallon of a gasoline-powered

ticular region of the United States, we use average emissions:
these are emissions averaged over the full mix of the region’s
electricity sources. An alternative approach would be to consider
only marginal emissions: emissions from the power plants that
operate to meet new electricity demand on the grid. Our analysis
uses average generation because it can be calculated from his-
torical generation data without making assumptions about such
factors as charging behavior (e.g., time of day) or the response of
electricity generation units to an increase in demand.

It is important to consider that these results are from utility-
scale electricity generation. They do not reflect generation from
rooftop solar or other types of residential generation. In addition,
individual utilities and customers within a region may have access
to electricity with emissions that differ from the regional average.

Appendix B discusses the issue of average and marginal
emissions further.
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Rating the Regions

To further help consumers evaluate the global warming benefits
of driving an EV in different parts of the United States, we rate
areas as Good, Better, or Best to characterize the emissions ben-
efit of switching from gasoline to electricity (Table 1).

e Good: EVs are equal to or better than the average conven-
tional gasoline sedan (32 to 40 MPGy,,). That is, driving
an average-efficiency EV in these regions results in global
warming emissions equivalent to gasoline vehicles with
a combined city/highway fuel economy rating of 32 to
40 mpg. This level is better than that of the average new
gasoline sedan (32 mpg) on the market today (EPA 2021b).

e Better: These regions correspond to the most efficient
gasoline-only (non-plug-in) hybrids (>40 to 59 MPG,,).
The most efficient gasoline hybrid currently available in the
United States is the Hyundai Toniq Blue, rated at 59 mpg.

e Best: Driving a typical EV in these regions is equivalent to
gasoline-powered vehicles with a combined city/highway
fuel economy of more than 59 mpg. In these regions, driving
the average-efficiency EV produces lower emissions than the
most efficient gasoline-only hybrid car.

The Average EV: Cleaner Than the Average
Gasoline Vehicle

Because of differences in electricity generation, the emissions
produced while driving the average EV in the United States vary
depending on where the driving takes place (Figure 2a, p. 9).2
Everywhere in the country, driving the average EV results in
lower emissions than the average new gasoline vehicle. Over
90 percent of the people in the country live in places where driv-
ing the average EV has a higher MPG,,
er emissions, than the most efficient gasoline vehicle (59 mpg).
In some parts of the country, driving the average new EV
will produce a little as one-eighth to one-quarter of the emis-

and thus produces low-

sions from the average new gasoline car. For example, the aver-
age EV driven in upstate New York has emissions equal to a
(hypothetical) 247 mpg gasoline car. In California, a gasoline car
would need to get 116 miles per gallon to have emissions levels

TABLE 1. EV Global Warming Emissions Scale

EV Driving Global
Warming Pollution
Equivalent (MPG,,)

The Meaning for Global
Warming Emissions

EVs are comparable to an
above-average-efficiency
gasoline model.

Good 32-40 19-26

EVs are comparable to
the most efficient gasoline
hybrid models available.

Better >40-59 >26-37

EVs outperform the most
efficient gasoline hybrid
model available.

Best >59 >37

as good as those of the average EV. Based on where EVs have
been sold in the United States, driving on electricity on average
produces emissions equal to a 91 mpg gasoline car.?

To Maximize Emissions Reductions,
Choose a More Efficient EV

Driving the average EV yields significant emissions reductions
from switching fuels; using the most efficient EV maximizes
those emissions reductions. Driving the most efficient EV means
lower emissions than the most efficient gasoline car for virtually
everyone in the United States, with 97 percent of the popula-
tion living in these areas (Figure 2b, p. 9). For example, driving
the 2021 Tesla Model 3 Standard Range Plus, which consumes
0.24 kilowatt-hour (kWh) of electricity per mile, in California
has emissions equal to a 152 mpg gasoline car. In other words,
that Tesla produces one-fifth of the global warming emissions of
the average new gasoline car and over 60 percent less than even
the most efficient gasoline car. In upstate New York, the emis-
sions from driving an EV can be as low as one-tenth those of an
average new gasoline car. Based on where EVs have been sold
over the last six years, the most efficient EV would have global
warming emissions equivalent to driving a 119 mpg gasoline car.

Based on where EVs have been
sold in the United States, driving
on electricity on average produces
emissions equal to a gasoline car
getting 91 miles per gallon.

8 UNION OF CONCERNED SCIENTISTS



FIGURE 2. Comparing Emissions: Driving an EV as a Gasoline MPG Equivalent, 2020
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The average EV is considerably cleaner to drive than the average new gasoline vehicle—and in some areas, much cleaner. For example, in upstate
New York (NYUP), the emissions of the average EV compare with those of a gasoline-powered vehicle achieving 247 miles per gallon. Driving the
most efficient EVs results in even lower emissions. For example, driving the 2021 Tesla Model 3 Standard Range Plus in upstate New York is equiva-
lent to driving a gasoline vehicle achieving 323 miles per gallon.

US average: 119 mpg
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Note: Acronyms refer to electricity grid regions as defined by eGRID (EPA 2022a).
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FIGURE 3. Comparing Emissions: Driving the Average EV Pickup Truck as a Gasoline MPG Equivalent, 2020
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Driving an electric pickup truck produces lower emissions than the most efficient gasoline model in most of the United States. For example, recharg-
ing and driving the Rivian or Ford F-150 Lightning pickup in California has the emissions impact of a hypothetical 76 mpg gasoline truck. Overall,
based on where EVs have been sold, EV pickups would have emissions equal to a 59 mpg gasoline truck.

Note: Acronyms refer to electricity grid regions as defined by eGRID (EPA 2022a).

Even Less-Efficient EVs Can Lower
Transportation Emissions

While many early EV models were sedans or small hatchbacks,
manufacturers now offer more options, including not only fully
electric SUVs but also pickup trucks such as the Rivian R1T

or Ford F-150 Lightning, both of which have an efficiency of
0.48 kWh/mi (DOE 2022a). Larger, heavier vehicles like SUVs
and pickups are inherently less efficient than sedans and smaller
hatchbacks, whether powered by gasoline or electricity. Even so,
electrification of the larger vehicles can lower global warming
emissions if they displace inefficient gasoline and diesel SUVs
and pickup trucks, which produce more emissions than electric
cars. Consumers should choose the most efficient vehicle that
meets their needs, whether powered by gasoline or electricity.

Using today’s electric grid, driving a fully electric pickup
truck results in lower emissions than the most efficient hy-
brid pickup (37 mpg) for over 92 percent of the US population
(Figure 3). In fact, the electric pickup produces lower emissions
than the average new gasoline pickup (19 mpg) everywhere in
the United States. On cleaner electric grids, even an inefficient
electric pickup produces lower emissions than does a gasoline
hybrid sedan. In California, recharging and driving the Rivian
RIT or Ford F-150 Lightning pickup has the emissions impact of
a hypothetical 76 mpg gasoline truck. Again, however, the goal
is to lower emissions from personal transportation as quickly as
possible; thus, buyers should choose the most efficient EV that
meets their mobility needs.

Driving an electric pickup truck in the
United States produces emissions equal to
a gasoline car getting 59 miles per gallon.
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A Growing Advantage as Electricity
Generation Becomes Cleaner

Most EVs charged using electricity generated in 2020 (the most
recent available data) produce significantly lower emissions than
even the most efficient gasoline vehicles. This advantage of EVs
will continue to grow if emissions from electricity generation
continue to fall. And if the United States aggressively decarbon-
izes such that renewables made up 95 percent of generation by
2035, emissions from driving EVs will drop to less than one-third
of current levels by 2032 (Figure 4).

This is an important difference between EVs and gasoline
vehicles. While the rate of global warming emissions from driv-
ing a gasoline vehicle will likely stay essentially constant, the
emissions from driving an EV sold today will likely decline over
time, effectively making it cleaner to use as the electricity grid
gets cleaner.

FIGURE 4. Cleaner Electrical Generation Increases the
Advantage of EVs
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Nationally, the average EV’s MPG,y, rises from under 100 MPG,, today
to the equivalent of a gasoline vehicle getting almost 500 miles to a
gallon of fuel by 2035, assuming that the nation achieves 95 percent
renewable power.

SOURCE: UCS CALCULATION BASED ON THE NREL CAMBIUM MODEL (COLE ET
AL. 2021).
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| CHAPTER 3

Global Warming Emissions from Vehicle

Manufacturing

Just as the emissions associated with driving a battery-electric
vehicle differ from those associated with driving a gasoline- or
diesel-powered vehicle, so, too, do we find significant differ-
ences in the emissions due to their respective manufacturing
processes. The greatest such differences come in connection
with the type and size of batteries required. In gasoline vehicles,
a small lead-acid battery starts the engine and powers accesso-
ries while the engine is off. In contrast, a battery-electric vehicle
has no fuel tank or internal combustion engine; instead, it has a
relatively large lithium-ion battery pack, an electric-drive motor,
and power-control electronics. BEVs rely on the battery packs to
move the vehicle and power all other systems (e.g., heating, air
conditioning, electronics).

The lithium-ion battery packs in BEVs require significant
amounts of material, with some packs weighing over 1,000 pounds.
Extracting, processing, and transporting the raw materials all
produce emissions. In addition, manufacturing the individual
battery cells that comprise the battery packs requires significant
energy, and that can lead to further global warming emissions.

That said, most of the life cycle global warming emissions
for most of today’s vehicles occur during their use. As a result,
the emissions reductions from driving BEVs more than offset the
increase in manufacturing emissions. Comparing the average
gasoline sedan (32 mpg) with the average-efficiency BEV with a
300-mile-range battery, the BEV reduces total lifetime emissions
by 52 percent (Figure 5). Even though manufacturing emissions

FIGURE 5. Life Cycle Global Warming Emissions: EVs vs. Gasoline Cars and Trucks
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Life cycle global warming emissions are significantly lower for EVs than for gasoline cars or trucks when considering manufacturing and usage,

despite higher battery-manufacturing emissions for the EV.

Note: Emissions are measured in grams of carbon dioxide-equivalent per mile, averaged over the life of the vehicle.
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FIGURE 6. Breakeven Points for EV Car and Truck Emissions
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The breakeven point for EV manufacturing emissions averages 17,500 miles (17 months) for 300-mile-range electric pickup trucks and 21,300 miles
(22 months) for a 300-mile-range electric car, based on the current grid mix. This breakeven point assumes constant electricity emissions; actual

breakeven points would be lower if electricity emissions fall over time.

average 64 grams per mile (g/mi) for the EV and 35 g/mi for a
gasoline car, the savings advantage during use is far greater: the
EV emits 117 g/mi versus 335 g/mi for the gasoline car. Similarly,
lifetime emissions are 57 percent lower for an electric pickup
truck than for the average gasoline pickup.

Another way to understand how emissions savings from
driving an EV offset additional manufacturing emissions is to

For both cars and pickups,
the breakeven point comes
early in an EV’s lifetime,
yielding a significant net
emissions savings.

consider the breakeven point: how far or how long an EV needs
to drive for the savings to match the initial emissions “debt.” The
breakeven point varies depending on regional electricity emis-
sions. Based on where the US population lives, the mean break-
even point for an electric car with a 300-mile range compared
with the average new gasoline sedan is 21,300 miles of driving
or 22 months based on average annual driving (Figure 6). Break-
even occurs more quickly, after about 17,500 miles (17 months),
when comparing an electric truck with a 300-mile range with
the average new gasoline pickup truck.

For both cars and pickups, the breakeven point comes early
in an EV’s lifetime, yielding a significant net emissions savings. If
we were to consider EVs recharging using 95 percent renewable
power, the breakeven points would drop to 14,800 miles for cars
and 12,600 miles for trucks.
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TABLE 2. Switching to Renewable Electricity for
Manufacturing: Another Opportunity to Reduce Life Cycle
EV Emissions

TABLE 3. Emissions from Different Battery Chemistries,
Relative to Those of NMC,,,

NMC,, 100%
NMC.s, 100%
NMCy., 95%
NMCg, 93%
NCA 109%
LFP 85%

The effects of different EV battery compositions on global warming
emissions are relatively modest.

Notes: The number code associated with each NMC battery type refers to the propor-
tion of nickel, manganese, and cobalt in the battery cathode. For example, NMCy;
refers to a lithium-nickel-manganese-cobalt cathode with 1:1:1 ratio of nickel:
manganese:cobalt while NMCs;, has a ratio of 5:3:2 of nickel:manganese:cobalt. NCA is
lithium-nickel-cobalt-aluminum; LFP is lithium iron phosphate.

Percent
Vehicle Change
(excluding vs. US
Battery battery) Total Average
US Average ) . ) )
Eloctric Mix 33.0g9/mi| 28.5g/mi | 61.5g/mi 0%
California : ) ) )
(CAMX) Mix 29.5g/mi| 25.7g/mi | 55.2 g/mi -10%
Upper
Midwest 37.1g/mi| 31.7g/mi | 68.8 g/mi +12%
(MRO) Mix
Michigan-Ohio : ) ) Y
(RFC) Mix 33.0g9/mi| 28.4g/mi | 61.4g/mi 0%
100%
Renewable 23.9g/mi| 21.1g/mi | 45.1g/mi -27%
Electricity

Electric Grid Emissions and Manufacturing
Emissions

The carbon intensity of electricity generation affects not only
global warming emissions from driving but also those generated
during the manufacture of the battery materials and the vehicle.
Our baseline calculations for EV manufacturing use the average
US electricity mix. However, we estimate that making an EV us-
ing electricity from the cleaner-than-average California regional
grid would reduce total manufacturing emissions by 10 percent.
And if the electricity for manufacturing comes solely from
zero-carbon renewable energy sources, there is the potential

to reduce manufacturing emissions by more than one-quarter
(Table 2).*
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Battery Chemistry: A Modest Effect on
Global Warming Emissions

The raw materials for EV batteries vary depending on what
cathode chemistry manufacturers choose as they strive to
maximize performance, cost, and longevity. Most EV batteries
today contain a lithium-nickel-manganese-cobalt (NMC),
lithium-nickel-cobalt-aluminum (NCA), or lithium-iron phos-
phate (LFP) cathode.® While the choice of chemistry can lead
to significantly different environmental impacts, the effects of
different EV battery compositions on global warming emissions
are relatively modest (Table 3). Even so, the choice of battery
chemistry is important: factors like the amount of cobalt in the
mix could affect the cost, environmental, and societal impacts
of mining; supply constraints could differ as well (Ambrose and
O’Dea 2021; Winjobi, Kelly, and Dai 2022).



| CHAPTER 4

Other Battery Considerations

Considerations Beyond Global Warming
Emissions

Manufacturing and using any vehicle, whether powered by
gasoline or electricity, have impacts beyond the global warm-
ing emissions (Tessum, Hill, and Marshall 2014; EEA 2018). For
example, air and water pollution from fossil fuel extraction are
tied to the production of gasoline, as is electricity from fossil
sources that partially power EVs in the United States. Also, there
are concerns over human rights, corruption, and environmental
pollution from the sourcing of raw materials that are used for EV
manufacturing, as well as in the extraction of the crude oil that
ultimately powers gasoline vehicles.

We focus here on the benefits of EVs in terms of global
warming emissions, but some actions, like recycling battery ma-
terials, also can reduce the amount of virgin materials needed for
battery manufacture. Such actions could reduce environmental
damage and lessen harm to the people and communities affected
by raw materials extraction and refining. Strong protections for
communities and the environment at the mining stage are also
critical to lessening the impacts of EV battery manufacturing. As
the transition to electric transportation accelerates, government
and industry need to ensure a battery supply chain that is sus-
tainable and ethical.

Remanufacture, Reuse, and Second Life
for Used EV Batteries

EV battery packs are made up of hundreds or thousands of in-
dividual battery cells, along with sophisticated electrical and
thermal management systems. It is possible to disassemble used
EV battery packs to repair, refurbish, or salvage usable modules.
Doing so could help reduce global warming emissions and other
harms: recovered components and refurbished battery packs
lessen the need to manufacture new ones.

Another route to reducing the demand for new EV batteries
is to repurpose used EV battery packs; such approaches are often
termed second-life applications. The range of an EV battery

pack decreases both over time and with use. Because of tight
constraints on the volume of an EV battery, this range reduction
can make it necessary to replace the battery at some point in the
vehicle’s life, especially an EV with a lower initial range. How-
ever, other battery applications are less sensitive to the volume
and weight of battery packs. For example, a stationary energy
storage system might be able to use multiple EV battery packs
with degraded capacity; the extra weight and volume of the bat-
tery packs are much less important in these applications than for
an EV. A stationary battery installation with a few battery packs
might power a building or an EV charging station; a megawatt-
hour-scale energy storage system built with second-life batteries
helps power the largest stadium in the Netherlands (Ambrose
and O’Dea 2021; The Mobility House 2018).

Recycling Reduces Demand for Virgin
Materials

After a battery is retired from use in an EV and reused and/or
remanufactured, recycling can recover many of the materials
that make up the battery pack. Recovered materials can reduce
the need for virgin sourcing and reduce the emissions associated
with refining and processing. Recycling can include pyromet-
allurgical and hydrometallurgical recycling processes, which
reduces battery materials to elemental constituents, or direct
cathode recycling, which recovers the full cathode. Pyrometal-
lurgical recycling uses high-temperature smelting to recover
“black mass,” a mixture of the metals found in batteries; hydro-
metallurgical recycling uses a leaching process to separate met-
als (Zheng et al. 2018). Hydrometallurgical and direct recycling
yield small global warming emissions benefits in the EV life
cycle, varying by the type of battery recycled (Ciez and Whitacre
2019). For a cathode of NMC chemistries, a model developed by
the Argonne National Laboratory estimates that use of recycled
materials can reduce total battery manufacturing emissions by
about 20 percent (ANL 2021).°
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Widespread recycling is critical regardless of the potential
global warming benefits. As the market for EVs grows, battery
recycling has the potential to significantly reduce the need
for virgin materials and associated impacts of mining battery
materials. These impacts include air and water pollution, water
consumption, public health impacts, community disruption,
and human rights concerns. Extractive industries have earned a
reputation for frequently violating human rights and degrading
the environment. For example, cobalt mining in the Democratic
Republic of Congo, a country with 70 percent of the world’s
existing cobalt production and more than 50 percent of cobalt
reserves, has well-documented negative impacts on the
environment, community health, and human rights (NMIS, n.d;
Amnesty International 2016).

Recycling battery materials can also help address concerns
over the availability of critical materials such as cobalt, lithium,
copper, nickel, and manganese. Under ideal conditions, between
20 and 60 percent of critical materials used in EV batteries could
be derived from retired batteries by 2040 (Dunn et al. 2021;

Xu et al. 2020). Various approaches are under development to
capture the environmental, social, and energy-security benefits
of increasing material circularity in the battery supply chain. In
2020, under California Assembly Bill 2832, the state tasked an
advisory group with recommending policies that would lead as
closely as possible to 100 percent recycling of EV batteries. The
group’s final report, released to legislators in March 2022, fo-
cuses on assigning a responsible party for EV recycling, enabling
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access to battery information, supporting the repurposing and
recycling industry, and increasing the safety and efficiency of
reverse logistics (Kendall, Slattery, and Dunn 2022). In one no-
table recommendation, the vast majority of the group’s members
support extended producer responsibility, a policy that would
assign EV manufacturers with the responsibility of ensuring the
batteries are recycled when their lives end.

Both China and Japan have developed regulations regarding
recycling used EV batteries. For example, China makes manu-
facturers responsible for battery recycling and specifies battery
labeling to facilitate recycling. Japan makes new vehicle manu-
facturers responsible for battery disposal or recycling (Bird et
al. 2022).

The European Union, which is also further along than the
United States in developing end-of-life policy for EV batteries,
has required extended producer responsibility for all battery
types since the 2006 Battery Directive. The policy is not specific
to EV batteries, but an updated version is in development to ad-
dress social, environmental, and technical challenges throughout
the EV supply chain and life cycle. A 2021 European Commis-
sion report proposes a policy focused on creating responsible,
transparent, and lower-impact supply chains, with an emphasis
on creating a circular economy. Proposed policies cover such
topics as manufacturing and recycling emission standards, bat-
tery collection rates, recycling material recovery rates, manu-
facturing recycled content standards, and labeling requirements
(European Commission 2020).



| CHAPTER 5

Policy Recommendations: Maximizing
Emissions Reductions

Replacing gasoline vehicles with electric vehicles reduces car-
bon emissions and air pollution. To maximize those and other
benefits, we must accelerate not only the adoption of EVs but

also the transition to renewable sources of electricity. Moving

forward with this dual transition constitutes a critical strategy
for putting the United States on a trajectory toward net-zero cli-
mate emissions by midcentury.

Toward those goals, UCS makes the following

recommendations.

Accelerate the transition to cleaner sources of electricity.
Reducing emissions from electricity generation can reduce
the emissions from manufacturing and driving EVs. Poli-
cymakers at all levels should adopt and strengthen policies
and programs for increasing energy efficiency and deploy-
ing renewable energy. Policy options include establishing
renewable electricity standards, energy-efficiency resource
standards, and incentives or mandates to improve grid oper-
ation, transmission, and resource planning. Future EVs with
“smart charging,” which can respond to time-of-day and
demand-related signals from electric utilities, can also play
arole in enabling greater deployment of variable renewable
energy from solar and wind.

Fund R&D aimed at lowering manufacturing emissions
and increasing battery recycling and reuse. Governments
and the private sector should invest more in research aimed
at decreasing the global warming emissions and other nega-
tive effects associated with making EV batteries, including

research into the use of alternative materials and improv-
ing the processes for battery recycling and second-life use.
“Recycling and second-life use” is an emerging sector of the
economy; supporting it can encourage manufacturers to
reduce emissions, and it also can reduce the need to extract
raw materials. It is important to note research in these ar-
eas is ongoing, with funding at the federal and state levels.
The 2021 Infrastructure Investment and Jobs Act (I1JA)
includes funds for research, development, and demonstra-
tion to further battery recycling and second-life use (DOE
2022b; CRS 2022).

Enact policies that drive material circularity. In addition
to funding the development of improved battery recycling
processes, public policies should ensure that batteries are
recycled when they reach the end of their lives and that
battery manufacturers use recovered materials. Increasing
the recovery of critical materials has the potential to offset
the use of virgin materials and reduce the environmental
and social impacts associated with mining. Provisions in
the I1JA support battery circularity, but more can be done.
Policies like extended producer responsibility and labeling
and collection requirements can help accelerate a circular
economy.

Increase supply chain transparency, accountability, and
sustainability. EV manufacturers must be responsible for
ethical and sustainable material sourcing throughout the
supply chain and, to enable enforcement of this, they must

Public policies should ensure
that batteries are recycled when
they reach the end of their lives
and that battery manufacturers
use recovered materials.
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ensure that their emissions and material sourcing are trans-
parent to the public and regulators. Voluntary industry
standards—the Initiative for Responsible Mining Assurance,
for example—are a positive step, but only some manufactur-
ers currently participate.” Standardized, verifiable reporting
of material and manufacturing processes, such as the Global
Battery Alliance’s Battery Passport program, could help gov-
ernments and nongovernmental organizations monitor and
verify that battery production is environmentally sustain-
able and sourced using ethical practices (GBA 2020).

Minimize materials demand by increasing vehicle effi-
ciency. Vehicle efficiency standards should be developed to
ensure that manufacturers produce high-efficiency EVs. Pol-
icies also should encourage vehicle buyers to purchase the
most efficient EVs that meet their mobility needs. Higher-
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efficiency EVs reduce per-mile emissions. Also, they make it
possible for lower-capacity batteries to provide the needed
range, reducing manufacturing emissions.

Decrease the need for individual car ownership. Policies
and funding should support a variety of transportation op-
tions—including transit, shared mobility options, and walk-
ing and biking infrastructure. This would further reduce
materials demand and limit the overall emissions from ve-
hicle manufacturing and use.

Promote equity in the transition to EVs. Vehicle incentives
and infrastructure deployment should enable drivers across
incomes and geographies to access EVs. For us to reap the
maximum benefits of EVs, all drivers must be able to switch
from gasoline and diesel vehicles.



APPENDIX A: METHODOLOGY

Emissions Estimates for the Use Phase

The global warming emissions this study attributes to the use
phase of operating an electric vehicle today result from produc-
ing the electricity needed to charge the vehicle. We factor in
emissions created by power plants when generating the electric-
ity, as well as emissions that result from obtaining and transport-
ing the fuel used in these plants.

Power Plant Emissions

For the emissions values related to electricity generation, this
analysis uses the Emissions & Generation Resource Integrated
Database (eGRID) of the US Environmental Protection Agency
(EPA). This is a comprehensive source of emissions data for ev-
ery power plant in the United States. We used eGRID2020, the
most up-to-date eGRID version available. It contains plant emis-
sions and generation estimates for calendar year 2020 for the
nation and for subregions, and it includes the mix of generation
sources for each region. (EPA 2022a).

The subregions are groups of power plants organized by the
EPA based on Power Control Areas and North American Reli-
ability regions (EPA 2022b). These groupings, reflecting which
plants serve which households, reasonably approximate the grid
mix of electricity used by those households. The global warming
emissions rates for electricity generation for each of the 26 re-
gions analyzed in the report come from the eGRID2020 Subre-
gion datasheet (EPA 2022a).

The level of disaggregation of the eGRID subregions, which
takes into account regional variations in grid mix, allows for
more precise calculations of plants’ emissions intensities than
does a national average. For this reason, we chose eGRID over
other data sources that had the same detail in plant informa-
tion but fewer subregions. The actual grid mix of a household’s
electricity is specific to the utilities serving each household, but
specific grid-mix data are not readily available for most utilities
and therefore are not used in the study.

The eGRID methodology treats subregions as closed sys-
tems, calculating the emissions intensity of generation for each
subregion based on the emissions intensities of the plants it
contains. This methodology ignores imports and exports of elec-
tricity between subregions, lessening the accuracy of regional
emissions estimates. The eGRID’s designers recommend the
26 subregions as the level of disaggregation best suited for esti-
mating emissions related to electricity use; this achieves the best

balance between the precision gained by disaggregation and the
accuracy lost by omitting imports and exports (EPA 2022b).

Transmission Loss Factors

The eGRID emissions rates do not account for transmission and
distribution losses between power plants and households. To
calculate emissions per unit of energy used (rather than energy
produced), we increased the emissions rates using grid-loss fac-
tors found in data files (EPA 2022a).

There are five grid-loss factors that vary by regions called
interconnect power grids; each state has a grid-loss factor based
on the interconnect power grid to which it belongs. Although
eGRID subregions are based on utility service territories that do
not coincide with state boundaries, we assigned each subregion
one of these factors based on those of the states. This avoids hav-
ing multiple emissions rates for a single subregion serving two or
more states with different grid-loss factors. For subregions that
encompass parts of multiple states with different grid-loss fac-
tors, we used the most prevalent factor, based on the state with
the largest geographic area in the subregion.

Upstream Emissions Factors

The eGRID subregion emissions rates include only emissions
produced at the plant generating the electricity; the rates ex-
clude upstream emissions resulting from the mining and trans-
port of the power plant feedstock. Therefore, we calculated a
feedstock emissions rate for each subregion; this rate depends
on which fuel types the corresponding power plants use. Each
fuel type has a unique upstream emissions rate, which we ob-
tained from GREET—the Greenhouse Gases, Regulated Emis-
sions, and Energy Use in Technologies Model. This is a publicly
available life cycle emissions model developed by Argonne Na-
tional Laboratory (ANL 2021). Our analysis used the AR5 Global
Warming Potential values with 100-year time horizon. The per-
centage of generation from each fuel type in a subregion came
from the eGRID2020 Subregion datasheet. For each subregion,
we multiplied fuel-type emissions rates by the share of genera-
tion each represents in that subregion; the sum of these products
was a subregion’s feedstock emissions rate.

In GREET, most fuel types correspond directly to a fuel
type in eGRID, with a few exceptions. A very small share of
generation in eGRID subregions corresponds to a fuel type la-
beled “generic fossil.” For this fuel type, we chose the GREET
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emissions rate for natural gas as a conservative guess, given that
its upstream emissions value is higher than those of coal or oil
(the other two fossil fuels with known feedstock emissions rates
in GREET). An even smaller share of generation in eGRID sub-
regions comes from unknown sources; for this category of fuel
type, the feedstock emissions rate is the generation-weighted
average of the upstream emissions rates for the other fuel types.

GREET builds a uniform grid-loss factor into the feed-
stock emissions rates. However, to keep the loss factors consis-
tent with those applied to power plant emissions, we backed
GREET’s grid-loss factor out of the feedstock emissions rates.
We then applied eGRID’s power plant grid-loss factors to each
subregion’s feedstock emissions rate.

We computed the totals of global warming emissions related
to electricity generation for each eGRID subregion by summing
the grid-loss-adjusted power plant emissions rates for each
subregion with the corresponding grid-loss-adjusted feedstock
emissions rate.

Emissions Rate Assumptions and Results
by Subregion

To translate electricity-related emissions intensity into driving-
related emissions intensity (measured as a gasoline miles-per-
gallon equivalent, or MPG,,,), we multiplied the EPA emissions
intensity values (expressed in grams of carbon dioxide—equivalent
emissions per kilowatt-hour, or gCO,e/kWh) from Table A-1 (see
p. 21) by the EV average efficiency values (kWh/mile), resulting
in a gCO,e/mile estimate. EV average efficiency was calculated
using the sales-weighted average electric-drive efficiency (includ-
ing charging losses) of the 10 battery EVs and 10 plug-in hybrid
EVs (PHEVs) with the highest US sales over the past six years
(DOE 2022a; EV Hub 2022). PHEV efliciencies were weighted
by utility factor. The overall average efficiency for all EVs was
0.314 kWh/mi.

We used the GREET carbon intensity for a weighted average
of California and national gasoline on a lower heating value basis
(10.629 kg CO,e/gal), which includes emissions for petroleum
extraction, gasoline refining and production, transportation of
finished product, and combustion (ANL 2021). This intensity
was divided by the gCO,e/mile estimate to estimate the MPG,,,
for each region. This figure is an EV equivalent to the miles per
gallon of a gasoline-powered vehicle: vehicles with the same
MPG,,, will produce the same amount of global warming pollu-
tion for each mile traveled, regardless of the type of fuel.

Emissions Estimates for the Manufacturing
Phase

To model vehicle manufacturing, we used the 2021 versions both
of GREET 1 (a fuel-cycle model) and GREET 2 (a vehicle-cycle
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model). In the absence of specific details about the material
composition of the gasoline and battery-electric models, we used
model default values for cars and trucks. The EV car was mod-
eled as having a 300-mile range with a 95 kWh battery capacity.
EV pickups were modeled using a 300-mile-range battery of

135 kWh capacity. We used the GREET default vehicle lifetime:
173,151 miles for cars and 183,363 miles for pickup trucks.

Temperature Effects on Efficiency and
Emissions

Temperature affects the efficiency of both gasoline and electric
vehicles, with reduced efficiency—and hence increased emis-
sions—at both hot and cold temperatures. Effects generally
appear at temperatures above 75°F and below 60°F (Wu et al.
2019). However, we did not adjust the data for temperature ef-
fects because of uncertainty in the magnitude of that effect, es-
pecially for newer EVs.

For EVs, the most significant decrease in efficiency oc-
curs at low temperatures. This decrease stems from several
sources. First, while a gasoline vehicle can use waste heat from
the engine to warm the cabin, an EV must use energy from the
battery to power heating systems. Second, warming the battery
in many EVs improves battery longevity and performance. On
the other hand, lower temperatures reduce the performance
of lithium-ion batteries, with higher internal resistance. In ad-
dition, the ability of EVs to recoup energy during braking can
be limited at lower temperatures (Steinstraeter, Heinrich, and
Lienkamp 2021).

However, quantification of such efficiency changes is ham-
pered by the lack of data on the performance of new models of
gasoline and electric vehicles at high and low ambient tempera-
tures. Further complicating the analysis is the emerging use of
heat pump systems in newer EV models. Heat pumps can be
more efficient than the resistance heating systems commonly
found in the first generation of modern EVs and can lead to a
smaller reduction in EV efficiency in cold weather (Phillips
2022). Existing quantitative analyses of EV cold-weather perfor-
mance, such as by Wu et al. (2019), necessarily rely on data from
early EV models; they may not reflect the performance of EVs
now available for purchase in the United States.

Because of the uncertainty in the magnitude of the tem-
perature effect on efficiency, especially for newer EVs, the data
presented in the body of this report are not adjusted for temper-
ature effects. Based on the methods and data from Woody et al.
(2022), we estimate the US average MPG,,,
efficiency EV would be 77 MPG,,,,. However, this may underesti-
mate the emissions benefits from newer EVs with heat pumps or
other cold-weather optimizations.

value for an average



TABLE A-1. eGRID Subregion Electricity Emissions Rates and EV Use-Phase Emissions

eGRID Subregion eGRID Subregion 2020 Subregion Use Phase Emissions, Use Phase Emissions,
Acronym Name Average Emissions Average EV Most Efficient EV
Rate (gCO,e/kWh) (gCO,e/mi) (gCO,e/mi)

AKGD ASCC Alaska Grid 605 190 145
AKMS ASCC Miscellaneous 303 95 73
ERCT ERCOT All 447 141 107
FRCC FRCC All 472 148 113
HIMS HICC Miscellaneous 652 205 156
HIOA HICC Oahu 914 287 219
MROE MRO East 799 251 192
MROW MRO West 507 159 122
NYLI NPCC Long Island 661 208 159
NEWE NPCC New England 305 96 73
NYCW NPCC NYC/Westchester 366 115 88
NYUP NPCC Upstate NY 137 43 33
RFCE RFC East 365 115 88
RFCM RFC Michigan 615 193 148
RFCW RFC West 523 164 125
SRMW SERC Midwest 767 241 184
SRMV SERC Mississippi Valley 418 131 100
SRSO SERC South 473 149 114
SRTV SERC Tennessee Valley 445 140 107
SRVC SERC Virginia/Carolina 344 108 83
SPNO SPP North 495 156 119
SPSO SPP South 502 158 120
CAMX WECC California 291 91 70
NWPP WECC Northwest 318 100 76
RMPA WECC Rockies 598 188 144
AZNM WECC Southwest 461 145 111

The average EV has an efficiency of 0.314 kWh/mi; the most efficient EV has an efficiency of 0.24 kWh/mi.
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APPENDIX B: AVERAGE AND MARGINAL ELECTRICITY EMISSIONS

CONSIDERATIONS

Electricity is produced using a mix of generation units that vary
in size, fuel, and efficiency. The mix varies over both long and
short time scales: the demand for electricity, its availability,

and the fuel costs are always changing. Emissions attributable
to electricity use link directly to this generation mix, and they
vary by region, time of year, and time of day. Because of the
complexity of the electricity grid and how it operates, as well as
the inability to track specific electricity generation to a specific
end use, multiple methods have been developed to estimate the
emissions from electricity use. This analysis used an average
emissions approach, averaging the emissions from electricity
production over all the electricity generating units in an entire
electricity grid region for a year.

Average Emissions Estimation

We based the data used to calculate regional global warming
emissions intensities on actual power plant emissions for 2020.

To estimate EV emissions from plugging into the electricity
grid, we calculated the average intensity of global warming emis-
sions (i.e., emissions emitted for each net kilowatt-hour of elec-
tricity delivered) by region. This method of averaging emissions
intensity treats all electricity produced and consumed in the re-
gion equally. That is, no matter how much electricity you use or
when you use it, this method assumes your electricity to be just
as clean (or dirty) as anyone else’s in the same region. In essence,
it assumes that any additional electricity needed to power an EV
would come from the same mix of sources that generate electric-
ity to meet all other current demands.

The averaging approach makes it possible to capture chang-
es in the underlying generation mix when estimating future
years’ emissions. However, it does not reflect short-term changes
in the electricity grid that may result from adding a new electric-
ity load to the grid. Nor does the average emissions approach
account for the import and export of electricity across regions.

Marginal Emissions Estimation

An alternative approach involves “marginal” emissions intensity.
This is estimated by identifying which power plants, or types

of power plant, are likely to be deployed or to increase output
when new demand is added to the electricity grid above and
beyond existing demand. In this type of analysis, the electric-

ity consumed by an additional load, such as a newly purchased
EV or even an extra television set, would be assigned a different
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emissions intensity from electricity used by existing electric
loads (e.g., a light fixture in a home). A variety of analyses have
used various marginal emissions approaches to evaluate the po-
tential impacts of increasing amounts of EV charging on future
emissions of the electricity grid (EPRI and NRDC 2015; Tamayao
et al. 2015; Graff Zivin, Kotchen, and Mansur 2014). These mar-
ginal emissions analyses can be broken into two categories: short
term and long term.

Short-Term Marginal Emissions Analysis

The short-term method looks at how the electricity grid re-
sponds instantaneously to a new load, such as when an EV is
plugged in. This approach specifically ties the emissions from
plugging in the EV to how the grid would respond to the new
load, all other factors being fixed. Increases in electricity de-
mand are met through increasing generation output at a power
plant operating at less than full output—typically, a natural gas
or coal power plant. These types are considered the marginal
generation sources. In contrast, sources such as nuclear, hydro,
wind, and solar are rarely “on the margin” because of their lim-
ited ability to vary output. These electricity sources provide non-
marginal generation.

This short-term marginal emissions approach can provide
a more precise snapshot of how the grid responds to a new load
during a short amount of time, and it quantifies the net emis-
sions change during that period. Carrying out the same type
of analysis in future years could produce very similar results,
regardless of changes to nonmarginal load generation. For exam-
ple, if over some time period 25 percent of electricity generation
in a region moved to renewable sources, fossil fuel power plants
might still be the only electricity sources on the margin respond-
ing to instantaneous increases in demand for electricity. Using
this type of marginal emissions analysis, an EV powered on a
grid with no renewables and one with 25 percent renewables
might have the same emissions profile.

Eventually, new electricity demand will lead to changes in
the sources of electricity production. Over time, a large number
of EVs will create significant demand that must be met through
greater energy efficiency, increased utilization of existing sourc-
es, new electricity generation, or, very likely, a combination of
all three.



Long-Term Marginal Emissions Analysis

A short-term marginal analysis considers only increased utiliza-
tion of existing generating resources, although researchers have
looked into a more consequential approach with new capacity
as a consideration (Weis, Jaramillo, and Michalek 2014). The
long-term marginal emissions approach, also known as a conse-
quential life cycle approach, evaluates how the electricity grid
responds over a longer period. This approach estimates what
would happen to the grid without adding new electricity load,
then contrasts that outcome with what would happen under the
new load. For example, an analysis could estimate electricity
demand between 2015 and 2030 assuming no EVs, then estimate
demand with several million EVs added (EPRI and NRDC 2015).

This type of modeling approach makes it possible to evalu-
ate long-term changes in the electricity grid, including power
plant retirements, new electricity generation, and changes in EV
demand. Importantly, it also makes it possible to evaluate poli-
cies to reduce emissions from both the transportation and elec-
tricity sectors, as well as to estimate the cumulative impact on
emissions from both sectors.

While a long-term marginal emissions approach does not
tell us what the emissions are from EVs today, it is an impor-
tant tool for assessing the impacts of transportation and energy
policies designed to reduce emissions—of deploying more EVs
while also deploying cleaner electricity sources. However, this

approach is outside the scope of our analysis because it requires
modeling the transportation and energy sectors as well as the
specific changes to the electricity grid that might occur under
various future scenarios.

Why We Used Average Emissions
Estimation

The goal of this analysis was to identify the typical global warm-
ing emissions of the mix of electricity sources used to charge
EVs on today’s power grid, as well as to evaluate how that mix
changes over time and compares with past and possible future
electricity grids. Therefore, we used the average emissions in-
tensity of the electricity, essentially treating all electricity on the
grid at a given time as a shared resource available to all electric-
ity consumers. While this approach does not capture the very
short-term marginal emissions impact on the grid from plugging
in a new EV, it does reflect changes occurring in nonmarginal
load generation around the country.

The average emissions approach also allows for comparing
future and past emissions analyses, and it captures the impact of
ongoing changes to the electricity grid as a whole resulting from
regulatory policy and other factors. In other words, as consum-
ers buy EVs today, the approach can take into account the trajec-
tory of the grid and the global warming emissions over the life of
the vehicles.
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This report investigates the global warming potential for emissions
from gasoline- and electricity-powered vehicles. Global warming
leads to climate change (a broader set of impacts), so we refer to
the emissions as both “global warming” and “climate changing.”

Average EV efficiency is based on a sales-weighted average of EPA
combined highway and city efficiency values for the 10 battery-
electric and 10 plug-in hybrid electric models with the highest US
sales over the last six years. Plug-in hybrid EV efficiencies are also
weighted by utility factor.

Based on EV sales from 2016 through 2021.

This analysis does not model the potential emissions reductions
from decarbonization of material production.

UNION OF CONCERNED SCIENTISTS

5.

The cathode is the positive electrode of the battery. For the battery
to charge and discharge, lithium ions pass between the cathode and
anode (negative electrode). Between the electrodes are electrolyte
and a separator used to prevent a short circuit.

The model is GREET—the Greenhouse Gases, Regulated Emis-
sions, and Energy Use in Technologies Model. GREET is a publicly
available life cycle emissions model.

For information on the Initiative for Responsible Mining Assur-
ance, see https://responsiblemining.net.


https://responsiblemining.net
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Driving Cleaner

Electric Cars and Pickups Beat Gasoline on Lifetime
Global Warming Emissions

Passenger cars and trucks are one of the largest sources of global warming
emissions in the United States. Electric vehicles (EVs) have the potential to
dramatically reduce these emissions, especially when charged by low-carbon
renewable electricity. New UCS analysis finds that over its lifetime—from
manufacturing to operation to disposal—the average new battery electric
vehicle produces more than 50 percent less global warming pollution than a
comparable gasoline or diesel vehicle. Based on the most recently available
data on power plant emissions and EV sales, driving the average EV in the
United States produces global warming emissions equal to a gasoline ve-
hicle that gets 91 miles per gallon. To speed climate benefits and to encour-
age more drivers to choose electric vehicles, the report recommends policy
changes and investments to bring even more renewable energy onto the grid,
develop robust battery recycling programs to help reduce manufacturing
impacts, and make EVs more accessible and affordable.
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